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Abstract


In semi-arid regions of Morocco, where the majority of water withdrawals are devoted to irrigation, optimizing irrigation practices in agriculture is a national priority in the face of recurring droughts and growing pressure on groundwater resources. However, the hydrological impacts of different drip-irrigation systems in the soil–plant–atmosphere continuum remain insufficiently understood. We monitored the stable isotope composition (δ2H, δ18O) across the two agricultural plots in Marrakech (Morocco) with surface drip and subsurface drip irrigation treatments for a complete hydrologic year (June 2022 to June 2023). Weekly to daily samples of rainfall, irrigation water, groundwater, and soil at various depths (5–50 cm) were sampled, and water from branch xylem was extracted using the cryogenic vacuum distillation method. We found that the subsurface irrigation treatment, which delivered water directly to the root zone, maintained narrow isotopic ranges in water of soils beyond 30 cm, as well as in branch xylem and leaf water. By contrast, surface irrigation treatment plots showed pronounced evaporative isotopic enrichment: summer topsoil water δ18O peaked at −1.1‰ (vs. −8.7‰ in subsurface irrigation treatment), and leaf water reached +13‰ (vs. +8‰ in subsurface). Despite this larger isotopic heterogeneity in surface irrigation site, branch xylem water δ18O remained within −6 to 2.5‰ across all soil depth, similar to subsurface irrigation treatment, which ranged between −5 and 0‰. This suggests that olive roots accessed soil water uniformly from the upper 50 cm under both irrigation treatments. Seasonal xylem isotopic enrichment in spring and midsummer mirrored shifts towards shallow, evaporatively altered soil water under surface irrigation, but not under the subsurface. The results suggest that subsurface drip irrigation can significantly improve drought resilience and water-use efficiency in the expanding olive sector of the Maghreb, while continuous isotope monitoring serves as a practical approach to enhance sustainable and adaptive water management in water-limited regions.
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1. Introduction


Water is a critical resource for agriculture, industry, and the environment, particularly in semi-arid and arid regions where increasing water scarcity poses serious challenges [1]. Factors such as population growth, agricultural intensification, and climate change have intensified stress on freshwater supplies, making it difficult to balance water allocations among competing sectors [2]. In agriculture, specifically, a consistent water supply is crucial for maintaining robust crop yields and ensuring global food security [3]. However, due to the changing climate, weather patterns have become more erratic, characterized by a higher frequency of extreme events especially droughts, caused by higher temperature and reduced rainfall in semi-arid regions [4], where a significant share of the irrigation expansion is precisely taking place [5]. This situation underscores the necessity of understanding the dynamics of water and its movement through soil, absorption by crops, and subsequent evaporation into the atmosphere. Mastering this concept is crucial for ensuring efficient water usage in agriculture in areas that are currently experiencing significant water scarcity [6].



In semi-arid regions like Morocco, improving irrigation efficiency is crucial for sustainable agriculture [7]. Traditionally, flood irrigation has been the most common method, where this technique results in high water losses due to evaporation and deep percolation, making it unsuitable for water-scarce regions [8]. Recognizing the need for a more sustainable approach, the Moroccan government launched the Green Morocco Plan in 2008, a comprehensive agricultural strategy aimed at modernizing farming practices and optimizing water resources, followed by the Green Generation plan in 2020. A key initiative within this framework was the National Irrigation Water Saving Program (PNEEI), which set an ambitious goal of converting from flood irrigation to localized irrigation systems, particularly drip irrigation. By reducing water losses and increasing crop productivity, the plan played a transformative role in Morocco’s agricultural landscape.



As a result, many studies have compared irrigation systems in Morocco in terms of water savings and irrigation efficiency. For instance, a recent study [9] demonstrated that seasonal deep percolation losses under flood irrigation reached up to 53% of total water input, with an associated irrigation recharge efficiency of only 44%, compared to 21% losses and up to 78% efficiency under drip irrigation in olive orchards of the Haouz Plain.



However, while conventional water balance approaches are useful for estimating gross irrigation performance, they often lack the resolution to track how water is distributed and used within the root zone and beyond [10]. This is particularly relevant when comparing irrigation strategies such as surface versus subsurface drip irrigation, where water delivery depth may alter plant uptake patterns and soil moisture retention in subtle ways. In this context, stable isotopes of hydrogen (δ2H) and oxygen (δ18O) have become valuable tools for investigating water fluxes within the soil–plant atmosphere continuum (SPAC) [11,12]. By analyzing the isotopic composition of water at different points in the SPAC such as in the soil profile, plant xylem, and atmospheric vapor, researchers can trace the origins and pathways of water with a level of detail not easily achievable by other methods [13,14]. This approach facilitates the assessment of key processes, including evapotranspiration, soil moisture distribution, and deep percolation. Global studies leveraging these techniques have shown their effectiveness in diverse agro-ecological settings, including semi-arid regions of Morocco, where efficient irrigation strategies are urgently needed to conserve limited water resources [15]. At the same time, the successful application of isotopic methods depends on robust sampling protocols and reliable extraction methods that minimize artifacts such as evaporation fractionation and sample contamination, while also accounting for the inherent limitations and biases introduced by laboratory constraints [16].



For instance, the stable isotope method provides a promising tool for partitioning evapotranspiration (ET). This method has been successfully used in many studies related to water movement in the soil–vegetation–atmosphere continuum [17,18,19] since the measurements of stable isotopic compositions are now relatively easy and robust due to the rapid progress in development of mass and laser spectrometry devices during the last few years. Water uptake by plants was treated as essentially non-fractionating, so the isotope ratio that moves from soil through roots, stems, and into the xylem is assumed to match that of the source water [20]. More recent studies nonetheless show that minor isotopic offsets can occur along the soil–root–stem–leaf continuum. But these deviations are an order of magnitude smaller than the enrichment produced by direct evaporation and are therefore often neglected in practice [21]. By contrast, water evaporated from soil surfaces is strongly fractionated and depleted in heavy isotopes [22]. This “isotopic fingerprinting” may also help to understand groundwater recharge and dynamics in arid environments [23], including the impact or agricultural practices [24]. For example, Aouade et al. [15] combined δ2H measurements of soil water, xylem sap, and canopy-layer vapor with concurrent eddy covariance fluxes over an irrigated winter wheat field near Marrakech. Their SPAC-based mass balance showed that transpiration dominated post-irrigation water losses (about 70% of total ET) and rose to nearly 80% under drier pre-irrigated soil, translating to roughly 4–5 mm d−1 of plant water use versus 1–2 mm d−1 of soil evaporation. This field scale demonstration confirms that integrating isotopic profiles with micrometeorological data can allow partitioning ET into both soil evaporation and plant transpiration, offering a pathway for improving irrigation scheduling in semi-arid agriculture.



Therefore, the present study examines the hydrological performance of two irrigation systems: surface drip irrigation (DI) and subsurface drip irrigation (SDI) in a semi-arid agricultural setting. Specifically, it compares their water fluxes within the SPAC through an isotopic analysis. Such an integrative strategy reveals not only the overall water balance but also the spatial and temporal nuances of water uptake by plants, including the depth at which roots predominantly acquire water under varying irrigation practices. In this study we aim to add information on the gap and interconnect between these previous studies conducted in the Moroccan context. The central hypotheses of this work are the following:




	
Isotopic range of the soil profile is narrower in SDI than in DI, depending on the seasonal cycle in the isotopic composition of rainwater?



	
Soil and plant water experience more evaporative, non-productive loss of water under DI than under SDI, as indicated by the isotopic enrichment in topsoil.



	
Plants under SDI take consistently water from the subsurface irrigation layer throughout the season, while under DI it takes mainly water from the topsoil.








By testing these hypotheses through a careful synthesis of isotopic data, this study seeks to elucidate the complex interactions among soil, plant, and atmospheric components under contrasting irrigation regimes. The finding of DI will help refine our understanding of water partitioning in agricultural systems, informing the development of water-saving strategies, improving irrigation scheduling, and ultimately contributing to more sustainable management of scarce water resources in regions facing escalating climatic and hydrological pressures.




2. Materials and Methods


2.1. Study Area


The study was conducted in a semi-arid olive orchard located near Marrakech, called Agdal Domain, where planted with 240-year-old olive trees, grown in an orchard of about 275 ha. The density of olive trees was about 225 trees per hectare, which corresponds to an area of about 45 m2 occupied by each tree. The area, (Latitude 31.587491|Longitude: −7.980781|489 m elevation) is characterized by flat terrain, warm temperatures, and notably scarce and erratic rainfall. The average annual temperature in this region ranges from 12 °C in winter to 30 °C in summer, with occasional peaks exceeding 40 °C during heatwaves. Rainfall in Marrakech is typically between 200 mm and 250 mm per year, occurring mainly in the winter months, with long dry periods during the summer. These conditions contribute to the region’s semi-arid climate. This region’s climate is further marked by moderate to strong winds, with average wind speeds ranging from 15 to 30 km/h, and high evapotranspiration rates reaching up to 1600 mm per year, depending on seasonal variations in hot and windy conditions [25]. The orchard’s soils, composed of roughly 30% clay, 44% sand, and 25% silt, reflect a texture that can retain a reasonable amount of water (field capacity of about 32%) but is still vulnerable to drying (wilting point around 19%), particularly under the hot and windy conditions [26]. These soil properties were determined using the pedotransfer function described by Wösten et al. [27], providing valuable insights into how the orchard’s soil stores and releases water across seasons. The water table in the region varies, but in general, groundwater is found at depths of 30 to 260 m, depending on the proximity to natural water sources. The depth of the groundwater table and its recharge rates vary seasonally, influenced by a complex interplay between natural precipitation patterns, the demands of agricultural water use, and the impact of various on-farm practices. For instance, natural rainfall contributes significantly to the replenishment of groundwater, though its spatially and temporally heterogeneous distribution makes it difficult to rely on as a sole source of recharge. Agricultural water use also plays a key role, particularly during peak irrigation periods when the demand for water increases. On-farm practices, such as fertilization, tillage, and crop rotation, further influence the efficiency of water usage and the sustainability of water resources [28].



Water for irrigation in the studied olive orchard is primarily sourced from wells, with additional reserves provided by nearby dams and seguias, creating a dual water supply system that is essential for coping with the region’s fluctuating and heterogenous rainfall patterns. This combined use of different water sources is common and reflects regional efforts to adapt to the uncertainties of semi-arid climates and ensure a consistent and reliable water supply for agricultural purposes. Two irrigation systems: surface drip (DI) and subsurface drip (SDI) are used to optimize water-use efficiency for olive production under challenging climate conditions (Figure 1). In the surface drip irrigation system, pierced plastic lines deliver water to the soil surface near the base of each tree. In contrast, in the subsurface system the drip lines are buried at 30 cm depth, therefore supplying water closer to the root system, aiming at reducing direct evaporation and improving moisture retention (especially during dry spells). Both the surface (DI) and subsurface (SDI) drip irrigation systems were equipped with self-compensating drippers, each delivering an average flow rate of 2.3 L h−1 under a pressure of 1 bar. These systems represent both classical and improved drip irrigation methods, allowing local farmers to adapt to water scarcity. The choice between surface and subsurface drip systems is influenced by soil type and water availability. Subsurface drippers, effectively conserve water and deliver moisture to the root zone. The sampling stations were distributed over various emitter distances, soil profiles, and phenological stages to represent the spatial and temporal variability of the orchard (see Section 2.2). This approach embodies daily orchard management, when farmers continuously adjust practices in response to fluctuating weather, crop demand, and water availability. These elements create a dynamic environment for evaluating water fluxes in the soil–plant–atmosphere continuum and for identifying strategies that balance olive production with water conservation in semi-arid regions.




2.2. Sampling Protocol


The fieldwork was conducted in the Agdal olive orchards, where olive trees are irrigated using two distinct drip systems: surface (DI) and subsurface (SDI). These sites were selected to examine how irrigation methods influence water fluxes within the soil–plant–atmosphere continuum (SPAC). To capture the full range of water inputs and outputs, a comprehensive sampling strategy was implemented over a hydrological year (23 June 2022–23 June 2023).



The DI site used water from the 42/3 well, the primary source for surface irrigation, with 81 samples collected regularly to monitor variations in groundwater isotopic composition. This allowed for detailed analysis of temporal fluctuations potentially linked to irrigation schedules, rainfall, or broader hydrological processes. In contrast, the SDI site’s 42/10 well was sampled only once, offering a limited but still valuable isotopic profile of the subsurface irrigation source.



Thirty precipitation samples were collected daily on rainy days using automatic water samplers, which were filled with paraffin oil to prevent evaporation before they reached the laboratory [29]. Irrigation water was sampled every other day to match its application schedule, allowing for the detection of short-term isotopic fluctuations. During this study, sixty-seven soil samples were taken monthly at four depths: 5 cm, 10 cm, 30 cm, and 50 cm using a hand auger. These depths were chosen to represent near-surface processes, as well as deeper infiltration and potential root uptake zones, with particular relevance to comparing surface and subsurface irrigation. By maintaining fixed depth increments, the sampling protocol ensured consistent and comparable snapshots of soil water content and isotope ratios throughout the year. The soil samples were collected in very thin small plastic bags, then stored in a field cooler at a cold temperature before being transferred to the refrigerator at 4 °C until the day of extraction. Monthly plant samples were also collected: 18 branches and 16 leaves of the olive trees were harvested destructively, sealed promptly, and transported under chilled conditions. In the laboratory, the plant material was likewise placed in glass tubes and stored frozen (−0 °C). For both soil and plant samples, this procedure ensured sealed storage without grinding or open-air handling, thereby minimizing evaporation and isotopic fractionation prior to extraction.




2.3. Laboratory Analysis


All soil and plant samples underwent water extraction at the National Center for Energy Sciences and Nuclear Techniques (CNESTEN) laboratory using a cryogenic vacuum distillation system, a technique widely regarded as a gold standard for preserving original isotopic signatures [30]. In this method, the samples were first ground to increase surface area, then covered with a small amount of glass wool to prevent contamination, sealed in airtight glass flasks, labeled, tightly sealed with screw caps, and frozen until processing. For extraction, the sample tubes were assembled with empty trapping tubes and then shielded for 3 min in a cold trap, cooled with liquid 2-propanol at approximately −60 °C to reduce water vapor in the gas phase during evacuation. The entire setup was connected to a high-capacity vacuum pump to lower the pressure, effectively reducing the boiling point of water and allowing it to evaporate at relatively low temperatures (90–120 °C). This careful temperature control ensures that water is liberated without breaking down organic molecules or causing significant isotopic fractionation. Afterward, the sample tube was placed on a block heater while the water collection tube remained immersed in the cold trap. Distillation was carried out at 100 °C for 2 h. At the end of the process, the distillation assembly was vented, opened, and closed to allow any ice to melt. Finally, the collected water was pipetted into 2 mL sample vials, with a 0.3 mL insert used, if necessary, for stable isotopic analysis. To ensure reliability, soil extractions were performed in duplicate, which allowed us to assess the consistency of the isotopic signatures obtained. While full triplicates were not conducted for all samples, duplicates provided sufficient reproducibility, and any variability was within the analytical precision of the isotope measurements. The reported extraction efficiency (>98%) is based on earlier validation studies of the CVD [31], and our duplicate runs confirmed that our results remained within this range of accuracy for both δ18O and δ2H [31].



Water samples from precipitation, irrigation, soil, and groundwater were analyzed at the UM6P (University Mohammed 6 Polytechnic) laboratory using a Picarro L2140i cavity ring-down spectrometer (CRDS) (Picarro, Santa Clara, CA, USA). The measured  δ 18O and  δ 2H values were expressed in per mil with respect to Vienna Standard Mean Ocean Water (VSMOW) as follows in Equation (1):


  δ =       R  s a m p l e      R  s t a n d a r t      − 1   × 1000 ‰  



(1)




where Rsample and Rstandard are the ratios of 18O/16O or 2H/1H in the sample and the standard (VSMOW), respectively. The precision of the measurements was ±1.0‰ for  δ 2H and ±0.1‰ for  δ 18O. To avoid isotopic biases in plant water extracts (i.e., branch xylem and leaves), isotopic analyses were conducted at WSL Birmensdorf (Swiss Federal Institute for Forest, Snow, and Landscape Research) isotope laboratory using a thermal conversion elemental analyzer coupled to an DeltaXP isotope ratio mass spectrometer (TC/EA-IRMS, all Thermo Finnigan, Bremen, Germany). The precision of the WSL laboratory analysis is ±0.8‰ for  δ 2H and ±0.1‰ for  δ 18O. From these paired isotopic measurements, we also calculate the deuterium-excess parameter, d = δ2H − 8·δ18O. Because d-excess is sensitive to non-equilibrium processes such as evaporation, it provides a complementary line of evidence for distinguishing between source water signatures and evaporative enrichment along the soil–plant–atmosphere continuum. Together, δ18O, δ2H, and their derived d-excess constitute the core dataset that will be used to trace water movement and quantify evaporation in the two irrigation layouts examined here.





3. Results and Discussion


3.1. Description of δ18O and δ2H for Different Waters


3.1.1. Rainwater


The stable isotopic composition of the rainfall collected in the study area during the period of the sampling varies within a wide range from −13.1‰ to −2.66‰ and from −91.2‰ to −0.2‰ for δ18O and δ2H, respectively (Figure 2). The lowest isotope values are recorded during February 2022. Figure 2 shows that the rainwater samples fell above the global meteoric water line (GMWL: δ2H = 8 × δ18O + 10) [22], and around the local meteoric water line (LMWL: δ2H = 8 × δ18O + 13.7) performed by Raibi in 2006. This indicates a mixed Atlantic and Mediterranean origin of the air masses that generate the precipitation in the study site with a little evaporation. This interpretation is further supported by the d-excess values, which remain close to +13‰, consistent with moisture sources influenced by both marine and continental conditions, and more specifically pointing to a predominantly Mediterranean origin.




3.1.2. Irrigation Water


Irrigation water samples were collected from two open storage basins, each one fed by the aforementioned wells and dedicated to one of the surface (DI) or subsurface drip (SDI) irrigated plots. The basins occasionally receive river water from a traditional canal called Taseltant (Figure 3), which diverts water from the Ourika river at the mountain-front.



The isotopic composition of surface irrigation water ranged from −8.23‰ to −5.76‰ and from −53.3‰ to −45.4‰ for δ18O and δ2H, respectively, while subsurface irrigation samples ranged from −10.41‰ to −7.07‰ and from −70.2‰ to −46.4‰, for δ18O and δ2H, respectively (Figure 2). The isotopic composition of irrigation water splits into two distinct groups with the subsurface irrigation group being more depleted in heavy isotopes than the surface irrigation group (Figure 4). Both groups fell between the global and local meteoric water lines with a slight evaporation effect. The surface irrigation group had a similar isotopic signature to its corresponding groundwater samples (Figure 2) with a slight evaporation effect probably caused by the residence time at the storage basin after pumping. Subsurface irrigation group is more depleted than its groundwater source (Figure 2) indicating that it may come from the other well where we only had one sample (42/10), or that may originate from the Taseltant canal (Figure 3).




3.1.3. Groundwater


The isotopic composition of groundwater supplying in DI (well 42/3) ranged from −8.8‰ to −6.7‰ and from −55.1‰ to −44.5‰ for δ18O and δ2H, respectively (Figure 2), The groundwater isotope signatures are mainly scattered toward depleted values, with slight evaporation, that could be explained by recharge seasonality. For SDI, we only had one sample of the 42/10 well, with values of −57.1‰ and −8.85‰ for δ2H and δ18O, respectively. This depletion could be attributed to the altitude of recharge, which controls groundwater in the Haouz aquifer because of water sourced from the High-Atlas Mountain. Indeed, the difference between the groundwater signature and the local rain signature confirms that groundwater recharge at the study site is not direct but rather occurs indirectly through high-elevation sourced water [32].




3.1.4. Soil Water


Soil samples were collected at four depths (5 cm, 10 cm, 30 cm, and 50 cm) to capture  δ 18O and δ2H across the soil profile, especially the shallow layers (<10 cm) where strong seasonal dynamics and evaporative effects are expected. Sampling at deeper layers (30 and 50 cm) allowed the assessment of more stable soil water pools, although collecting samples beyond 50 cm was constrained due to the use of a hand auger in the arid soil conditions. Nevertheless, significant isotopic variation was anticipated due to the strong vertical evaporation gradient typical of arid and semi-arid soils. The isotopic composition varied with both soil depth and irrigation type. Within the soil profile, δ18O ranged from −8.41‰ to −1.15‰, and δ2H from −59.8‰ to −19.6‰, in the DI (surface irrigation) site, while δ18O ranged from −8.66‰ to −2.15‰ and δ2H from −59.2‰ to −23.3‰, in SDI (subsurface irrigation). When considered separately (Figure 4), both sites display vertical isotopic depletion with increasing depth, consistent with decreasing evaporative enrichment. Average δ18O values decreased from −3.39‰ at 5 cm to −6.48‰ at 50 cm across all samples, reflecting the effect of kinetic fractionation, whereby lighter isotopes preferentially evaporate, enriching the remaining soil water in heavier isotopes [33].



Despite the general trend, substantial isotopic variability between the various depths is observed in both the irrigation systems, particularly at 10 cm, where δ18O ranges from less than −8‰ to more than −1‰, and δ2H ranges from below −60‰ to above −20‰This wide spread suggests that evaporation strongly influenced the upper soil layers, likely extending beyond the surface into the top 10–20 cm, regardless of irrigation method. Previous studies have reported similar patterns, with isotopic fractionation influencing the top 50 cm of soil in Mediterranean climates [34] and up to 3 m in arid environments [35,36].



The large isotopic range is also attributable to the mixing of waters with contrasting isotopic signatures: enriched precipitation (e.g., δ18O ≈ −4.9‰, δ2H ≈ −26.6‰) and more depleted groundwater and surface irrigation water (e.g., δ18O ≈ −8.0‰, δ2H ≈ −51.1‰). Notably, the SDI treatment shows slightly more depleted values at depth compared to DI, likely due to reduced surface evaporation from buried water inputs and possibly greater reliance on deeper, less fractionated water sources.




3.1.5. Plant Water


The isotopic composition of plant water from the olive trees, including both branch xylem and leaf samples, differed between irrigation treatments and reflects the influence of evaporative processes and water source availability (Figure 5). DI Branch xylem water δ18O ranged from −5.79‰ to 9.03‰ and δ2H from −51.44‰ to 14.29‰ under the DI treatment, while leaf water values ranged from −4.79‰ to 13.02‰ for δ18O and from −46.11‰ to 30.33‰ for δ2H. In contrast, the SDI treatment showed narrower, more depleted isotopic ranges with bch xylem δ18O ranging from −2.76‰ to 6.12‰ and δ2H from −27.33‰ to 11.68‰, and leaf water δ18O from −2.16‰ to 7.44‰ and δ2H from −22.92‰ to 16.59‰.



In both treatments, leaf water was on average more enriched in heavy isotopes than branch water, consistent with transpirative enrichment due to kinetic fractionation occurring at the leaf level. This is particularly evident in DI, where the greater isotopic range and higher enrichment suggest stronger evaporative demand and a higher degree of post-uptake fractionation. The evaporation trend of plant water intersects the LMWL both in DI and SDI treatment, but the slope is more acute in SDI, indicating that under subsurface irrigation, plant uptake is dominated by isotopically more stable water likely sourced from deeper, less evaporated zones. This is consistent with findings by Orlowski et al. [37], who reported that irrigation method and water residence time in the soil can significantly influence isotopic source water signatures. In contrast, DI shows greater deviation from the LMWL and a wider spread in both δ18O and δ2H, pointing to greater evaporative enrichment and likely root uptake of near-surface water affected by fractionation. The observed isotopic variability between DI and SDI reflects the physical configuration of the irrigation systems. In SDI, water is delivered at 30 cm, reducing surface exposure and evaporation, thus maintaining lower isotopic values and tighter clustering. In DI, the shallow application of irrigation water increases its exposure to atmospheric demand, enhancing isotopic enrichment before uptake. Similar effects have been documented in controlled experiments by Barbeta et al. [38], who demonstrated that soil surface evaporation can strongly influence the isotopic signature of xylem and leaf water, especially in trees accessing shallow soil water. The isotopic distinction between plant compartments (leaf vs. branch) and irrigation treatments illustrates the integrated effects of plant water uptake strategy, irrigation configuration, and soil evaporation.





3.2. Relationships Between Soil Water and Plant Water: Implications for Root Water Uptake of Olive Trees


The similarities between the isotopic composition of soil water and plant xylem can be used to infer the plant root water uptake depth, thus, assessing plant water use strategies under different environmental conditions [36]. This approach rests on two key assumptions: (i) minimal or no isotopic fractionation during water transport from roots to xylem, and (ii) a discernible isotopic gradient in the soil profile. In the DI treatment with surface emitters, the soil gradient is faint: δ18O values at 10 cm and 50 cm overlap within analytical uncertainty (Figure 4), suggesting intense mixing of surface-applied water. Branch xylem nevertheless spans −6‰ to 0‰ δ18O and overlaps the soil field (Figure 5), so olives still rely on the first half meter; however, the blurred gradient masks a single dominant uptake depth. Leaves are again more enriched than branches, but the offset is smaller than under SDI, reflecting the lower evaporative demand during the DI sampling window.



The SDI layout, where emitters are buried at ~30 cm, tells a different story. The soil profile displays a depletion of heavy isotopes: median δ18O falls from roughly −3‰ at 5 cm to almost −7‰ at 50 cm, with a parallel decline in δ2H (Figure 4). Branch xylem samples plot inside the same envelope, confirming that roots tap the entire 0–50 cm layer but most actively the 5–30 cm zone around the emitters, as indicated by two autumn clusters centered on −5.7‰ and −3.6‰ δ18O. Leaves collected at the same times are markedly more enriched (0 to +10‰ δ18O, up to +30‰ δ2H), falling well above the local meteoric water line; this is the classic evaporative signature of water that has traveled from xylem to the leaves. A third, midsummer branch cluster averaging +0.7‰ δ18O lies even further along the evaporation line than any sampled soil, implying that under peak atmospheric demand some roots shift to the highly evaporated 0–5 cm layer rather than any fractionation within the plant, a process shown to be minimal in olives [39].



But these three clusters are also shown in DI, in which we can deduct other assumptions: (i) these samples are either sourced from the soil layer less than 5 cm, subject to higher evaporation influence; (ii) have been subject to additional evaporation during transport from roots to branches; or (iii) the pattern could simply reflect an artifact introduced during sampling, transport, or extraction.



Figure 6 compresses the entire soil–plant–atmosphere continuum into a single dual-isotope view, revealing that every water pool, rainfall, irrigation, soil layers, branch xylem and leaves, lies along one shallow-slope evaporation trajectory that branches off the local meteoric water line whether on DI or SDI; the kinetic process is thus common across treatments, while the distance each pool travels along that line records how much evaporation it has endured. Rainfall and groundwater cluster tightly on the meteoric line, confirming negligible pre-infiltration enrichment; SDI water coincides with this meteoric cluster, whereas DI is already about 1–2‰ heavier in δ18O, nudging all subsequent DI points rightward before field evaporation even begins. Shallow DI soils (0–10 cm) extend furthest along the trajectory to nearly +5‰ δ18O, signaling repeated wet–dry cycles at the surface, while SDI soils, wetted at 30 cm depth, remain within +2‰ of rainfall and therefore occupy an up-gradient, less-evaporated position. Branch xylem samples from each treatment sit comfortably inside the isotopic envelope of their respective 0–50 cm soil profiles, indicating that olive roots draw a depth-integrated blend of available soil water without additional fractionation, and leaves then shift a further 3–5‰ along the same line through transpiration, with the DI canopy reaching the extreme enrichment seen in its topsoil whereas SDI leaves never attain such values. This stepped progression—rainfall → irrigation → soil → branch → leaf, forms a visible isotopic “ladder” whose rungs are widely spaced under surface drip but compressed under subsurface drip, illustrating that burying emitters shortens the evaporation path, limits non-productive water loss, and ultimately supplies the trees with isotopically cooler, more efficient water, beyond simply showing the expected enrichment of plant water, underscoring the actual sources of water used by trees under different irrigation regimes.




3.3. Seasonal Variation in Plant Xylem and Soil Water


Seasonal changes in plant xylem and soil water δ18O exhibit distinct patterns in DI and SDI systems (Figure 7). Winter values remain stable in both systems, reflecting infiltration of isotopically depleted precipitation [40]. Summer brings significant enrichment, particularly in DI surface soils due to evaporative fractionation, with xylem water mirroring this trend. SDI systems maintain more depleted values through subsurface water delivery [20]. The spring peak in DI plant (branches and leaves) δ18O (exceeding summer values by 1–2‰) likely results from combined ecohydrological and methodological factors: (1) transient preferential uptake of evaporatively enriched shallow water during root system activation, and (2) potential analytical artifacts from cryogenic extraction that may amplify early-season enrichment [16]. Autumn shows intermediate values as trees transition to deeper sources. The more significant δ18O variability in DI (15‰ range vs. 10‰ in SDI) highlights its more substantial evaporation exposure and shallower water sourcing compared to stable isotopic profile of SDI. These patterns demonstrate how irrigation methods fundamentally alter soil–plant water dynamics in semi-arid ecosystems.



In Figure 7, the subsurface irrigation system (SDI) shows soil water d-excess maintaining consistently positive values throughout the year, especially during winter and spring. This stability indicates minimal evaporative influence and a predominant contribution from meteoric water inputs. During summer, a slight decline in d-excess suggests limited evaporative enrichment, underscoring the effectiveness of subsurface water delivery in mitigating evaporation. Conversely, in the surface irrigation system (DI), soil water d-excess exhibits greater seasonal variability. Moderately elevated positive values in winter and spring reflect recharge by precipitation that carries a typical Mediterranean d-excess of roughly +8 to +12‰, and infiltrates with minimal post-events evaporation, while a slight decrease during summer points to significant evaporative enrichment of surface-applied water.



The isotopic composition of branch water reflects the combined influence of source water uptake and post-uptake fractionation processes, though it is not possible to clearly distinguish between xylem and leaf water in the graph. In SDI, plant water d-excess remains relatively stable with a median of roughly −25‰ in summer, with a wide spread down to −60‰. This negative drop of d-excess means that the water has already undergone kinetic evaporation, where 18O is retained preferentially over 2H, either (i) before uptake in near-surface soil that partially dried, or (ii) after uptake through leaf-level fractionation that back-diffuses into the xylem. While in DI, plant water d-excess exhibits clear seasonal variation. During summer, markedly negative d-excess values point to increased reliance on shallow, evaporatively enriched soil water. The high level of enrichment, possibly influenced by leaf water signatures, reflects intensified transpiration under hot, dry conditions. These patterns are consistent with recent studies that report seasonal shifts in plant water isotopic signatures, highlighting the impact of soil enriched water in shaping water uptake and evaporative dynamics [41].



The inverse relationship between d-excess and δ18O further elucidates the effects of evaporation and water source changes. During summer, increased δ18O values coupled with increasingly negative d-excess in soil, branch, and leaf water under DI indicate substantial evaporative enrichment and a shift towards the use of shallower water sources. In SDI, the relatively stable δ18O and d-excess values suggest that subsurface irrigation effectively buffers against seasonal isotopic shifts, maintaining access to deeper, isotopically consistent water. The stability of d-excess and δ18O in SDI suggests that subsurface irrigation provides a more reliable water source, reducing evaporative stress and enhancing drought resilience. Similar stability has been documented in Alpine orchards irrigated with buried drip lines, where soil and xylem d-excess stayed within +2 to +9‰ despite summer heat waves [42]. Conversely, the pronounced seasonal isotopic shifts observed in DI mirror the large summer enrichment (δ18O ≈ +8‰; d-excess ≈ −30‰) found under surface-spray irrigation in European apple orchards [43], underscoring the evaporative losses inherent to surface delivery. These observations reinforce the broader European consensus that SPAC-scale isotope monitoring is a powerful tool for designing water-saving irrigation strategies [43].




3.4. Limitations and Perspective


Our research identified substantial alterations in isotopic behavior under surface (DI) and subsurface (SDI) drip irrigation in a semi-arid orchard system, notwithstanding numerous technical and conceptual challenges. The differentiation of plant and soil isotope data between the two irrigation treatments indicated that surface irrigation (DI) consistently yielded more enriched and variable δ18O and δ2H values in both soil and plant compartments, especially in upper soil layers and leaf water, thereby underscoring the significant impact of evaporative enrichment. Subsurface irrigation (SDI) had a more reduced and less variable isotopic signature, indicating a more stable water source from deeper, less evaporation-affected regions. Although the plot-scale isotope patterns clearly separate surface (DI) from subsurface (SDI) drip irrigation, several methodological constraints blur fine-scale interpretation. First, the point-source geometry of drip emitters promotes lateral redistribution and preferential flow; as a result, soil water collected 10 cm below an emitter can share the same δ18O–δ2H signature as water sampled 50 cm deep even though the two parcels followed distinct flow paths [44]. Second, our fortnightly, bulk-core sampling relies on cryogenic vacuum extraction, a technique known to co-extract tightly bound pore water whose isotope composition differs from the mobile fraction accessed by roots, thereby dampening vertical gradients [37]. Third, recent syntheses show that xylem water may undergo within-plant fractionation or mix with leaf back-diffusion, meaning that “stem ≙ source” is not always valid and can further obscure depth assignment [45]. Moreover, there exists additional uncertainty due to potential isotopic alterations during sample preparation and storage. Despite the samples being chilled prior to cryogenic extraction, the interval between sampling and analysis likely resulted in significant isotopic fractionation, particularly in the drier topsoil samples characteristic of DI. Zhang et al. [46] and Amin et al. [39] emphasize that conventional cryogenic extraction methods are susceptible to bias in soils with low moisture or high organic content. Employing in situ vapor equilibration techniques or dual-method comparisons, such as cryogenic versus centrifugation procedures, may improve extraction accuracy [47,48]. To provide robust isotopic datasets, recent quality-control guidelines advocate for the assessment of extraction efficiency and reproducibility across varied samples [49]. Taken together, these factors explain the overlapping δ18O and δ2H ranges we observed between 10 cm and 50 cm and caution against using the present dataset to locate root water uptake zones. Future work combining in situ isotope probes, high-resolution soil-moisture sensing and tracer-pulse experiments would help disentangle these processes while retaining the robust treatment-level contrast documented here. Furthermore, isotope-based mixing models like MixSIAR or SIAR can offer valuable tools for estimating the proportions of shallow versus deep soil water contributing to plant uptake. However, the reliability of Bayesian mixing models hinges on how clearly separated the isotopic signatures of the potential sources are. In our study, there is significant overlap between the 10–50 cm soil horizons, which means it would be necessary to (i) group individual depths into broader categories representing ‘shallow’ and ‘deep’ sources, and (ii) incorporate informed priors derived from data on root distribution and soil moisture dynamics. When these conditions are met, MixSIAR has been shown to outperform simpler iso-source approaches in semi-arid cropping systems [12] and has proven effective in flooded rice fields when priors are applied [50].



In our context, these approaches may assist in ascertaining whether the observed enrichment in DI leaves signifies shallow water uptake or post-uptake fractionation, concerns particularly relevant in water-scarce agricultural settings. Prior research by Zhao et al. [51], and Rothfuss & Javaux [52] substantiates this approach by illustrating the application of plant and soil isotope signatures to model seasonal and depth-dependent root water uptake in Mediterranean and semi-arid environments where our findings confirm a broader consensus: isotope-based SPAC diagnostics must be more extensively integrated into routine agricultural monitoring to enhance irrigation efficiency and sustainability. Recent advancements in technology, particularly field-deployable laser spectroscopy devices like CRDS and OA-ICOS, enables high temporal resolution measurements of water isotopes in soil and plant compartments [45]. While these systems diminish the necessity for laboratory analysis and may detect quick variations in isotopic signals, they nevertheless demand substantial on-site infrastructure, frequent maintenance, and specialized technical knowledge. When combined with remote sensing and soil moisture data, these techniques offer potential for enhancing irrigation scheduling by delivering insights into actual plant water uptake dynamics, rather than depending exclusively on predicted soil moisture levels.





4. Conclusions and Implications


In this study, we examined the movement of irrigation water in the SPAC in olive tree plots in semi-arid conditions under two irrigation systems: surface drip (DI) and subsurface drip with drip laterals buried at 30 cm (SDI). We analyzed samples of precipitation, soil, plant, and irrigation water for stable water isotopes (δ18O, δ2H). By tracking the seasonal variation in distinct rainfall and irrigation water isotope signatures through the 0–50 cm profile and into xylem, we found that three consistent patterns emerged as follows: (i) the subsurface drip (SDI) maintained narrower and more depleted isotope ranges below approximately 20 cm, signaling deeper and more stable wetting fronts; (ii) branch water under SDI exhibited significantly less evaporative enrichment compared to that under DI, suggesting a closer connection between irrigation pulses and active root zones; (iii) under surface drip system (DI), isotope transients only propagated to about 15 cm, and branch water showed strong enrichment, indicating greater near surface evaporation and percolation losses.



Our findings underscore the diagnostic potential of stable isotopes to reveal changes in plant–soil interactions under various irrigation systems, despite the persistence of isotopic errors related to sampling depth and methodological consistency. The results showed that subsurface drip irrigation (SDI) mitigates seasonal isotopic fluctuations and limits evaporative enrichment in branch water compared to surface drip (DI), indicating a more stable and efficiently targeted root water supply in semi-arid orchards. Ultimately, this confirms SDI as a practical lever to reduce non-productive losses and to enhance irrigation to achieve deeper, better timed wetting fronts.



More broadly, our isotope approach turns “where plants actually drink” into a measurable management metric, paving the way for evidence-based irrigation design and scheduling. Future research should include routine isotope checks at additional strategic depths (1 m and beyond) during peak demand, paired with continuous soil moisture and sap flux monitoring to quantify real water savings under various irrigation regimes. Furthermore, to move beyond merely descriptive isotope patterns, isotope time series can be embedded within Bayesian mixing frameworks, such as MixSIAR, to statistically analyze depth-specific contributions to root water uptake. Concurrently, assimilating the same dataset into isotope-enabled process models such as EcH2o-iso for coupled plant–soil exchange would convert qualitative enrichment patterns into explicit estimates of seasonal evapotranspiration partitioning, deep percolation, and groundwater recharge. This study demonstrates how continuous, compartment-resolved isotope monitoring can be operationalized to verify the active rooting depths targeted by irrigation and to identify when irrigation water is lost by near surface evaporation. This experimental study advances isotope hydrology and opens the door to real time, isotope-informed irrigation control and policy tools tailored to semi-arid agriculture.
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Figure 1. Location of the study area (Royal Domain of Agdal) east of Marrakech (Tensift Basin) highlighting the two experimental fields: surface drip irrigation DI (green hatching) and subsurface-drip irrigation SDI (blue hatching). Wells with groundwater access are shown as yellow circles; soil- and plant-sampling points are marked within each plot. 
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Figure 2. Dual-isotope plot (δ18O vs. δ2H) illustrating the isotopic composition of multiple hydrological compartments (rainfall, groundwater, irrigation water) relative to the global meteoric water line (GMWL) and local meteoric water line (LMWL). 
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Figure 3. Schematic overview of the experimental olive orchard setup showing key components for monitoring water dynamics under surface and subsurface irrigation systems. The design includes olive trees, drip and subsurface irrigation systems, and soil isotope sampling at multiple depths. 
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Figure 4. Dual-isotope plot (δ18O vs. δ2H) of soil water from different depths (5, 10, 30, and 50 cm) for (DI) surface irrigation site (on the (left)) and (SDI) subsurface irrigation site (on the (right)). 






Figure 4. Dual-isotope plot (δ18O vs. δ2H) of soil water from different depths (5, 10, 30, and 50 cm) for (DI) surface irrigation site (on the (left)) and (SDI) subsurface irrigation site (on the (right)).



[image: Water 17 03029 g004]







[image: Water 17 03029 g005] 





Figure 5. Dual-isotope plot (δ18O vs. δ2H) of branch xylem and leaf water for DI (left) and SDI (right). 
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Figure 6. Dual-isotope plot (δ18O vs. δ2H) displaying the isotopic composition of rainfall, groundwater, surface irrigation water, subsurface irrigation water, soil water (various depths), and olive plant water (leaves, branches). The black line (GMWL) and dark blue dashed line (LMWL) represent meteoric water lines, while the green line indicates the soil evaporation line. 
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Figure 7. Seasonally grouped distributions of in δ18O (‰) (top) and d-excess (bottom) values measured in plant water (red) and soil water (blue, merging all depths) in the surface (left panels) and subsurface (right panels) irrigation systems. 
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